Introduction
Acute asphyxia of the fetus may be encountered during labor due to a variety of causes including compression of the umbilical cord, abruptio placentae, maternal shock, and prolonged contractions of the uterus. The fetal cardiovascular system reacts with a deceleration of the heart rate and an increase in blood pressure, reflecting a simultaneous activation of both the sympathetic and parasympathetic system [24] . Fetal acidosis and low Apgar values are associated with increased concentrations of free norepinephrine (NE), epinephrine (E) and dopamine (DA) in umbilical cord blood [17, 23, 25] , while prolonged as well as repetitive episodes of asphyxia result in a rise of plasma free catecholamines in sheep fetuses [10, 11, 13, 20] . Circulating catecholamines have not been measured during and after one short period of complete reduction of uterine blood flow. It is well established that after its release from sympathetic nerve endings and the adrenal medulla free catecholamines are inactivated by several mechanisms including transformation into sulfoconjugated derivates, which are biologically inactive. No data are available on the concentrations of sulfoconjugated catecholamines during acute fetal asphyxia. Preliminary results in human fetuses indicate, that free as well as sulfoconjugated catecholamines are concomitantly increased during asphyxia [30] . Thus, the aim of the present study was to eludicate the role of sulfoconjugation for inactivation of free catecholamines after acute reduction of uterine blood flow for 5 minutes. Furthermore, the correlation between free catecholamines and fetal cardiovascular parameters was studied.
Methods
The experiments were performed on five near term pregnant sheep (duration of pregnancy: 110 -130 days; fetal weight: 3250 g, range 1530-3900).
Prior to surgery, the sheep were kept in a separate room for 24 hours without food but with free access to water. Preparation: After spinal anesthesia (25 -35 mg tetracaine) and with intermittent intravenous injections of diazepam (10-20 mg) and ketamine (200 -500 mg) the uterine horn was delivered by a midline abdominal incision and opened in an a vascular area. A catheter was advanced via the femoral artery into the fetal aorta for blood sampling and measurement of arterial blood pressure as well as fetal heart rate. A second catheter was placed into the amniotic cavity for recording intrauterine pressure. An inflatable occluder was placed around the maternal aorta approximately 10 cm above the bifurcatio aortae to enable reversible complete reduction of uterine blood flow for a definite period of time. The complete reduction of uterine blood flow was verified by measurement of arterial maternal blood pressure below the aortal occlusion.
Experimental procedure: Experiments were performed 4 -5 days after operation. Fetal and maternal blood pressure as well as intrauterine pressure were measured via Statham transducers and monitored continuously. The recorded pulse pressure was used as trigger signal to obtain a beat to beat registration of fetal heart rate. By inflating the occluder around the maternal aorta complete reduction of uterine blood flow was achieved for a period of 5 minutes. Fetal arterial blood samples were taken before, 3 and 5 minutes after the start, and 2, 5, 10, and 30 minutes after release of the occlusion. In order to minimize pain for the ewe, spinal anesthesia was used 1 hour before occlusion of the maternal aorta.
Blood measurements:
The following parameters were analyzed immediately: pH, Ρθ2, and Pco2 (Technicon Blood Gas Analyzer), hemoglobin concentration and oxygen saturation (SCh) (photometrical test, OSM 2 Hemoximeter, Radiometer), and lactate concentration in hemolyzed blood (Lactate Analyzer 640, Roche). Blood for catecholamine determination was collected in lithium-heparin tubes (Sarstedt No. 36377) and placed on ice without delay. After centrifugation for 10 minutes (4000 rpm) at + 2 to + 4°C, the plasma was kept frozen at -25 °C until assayed. The concentrations of free NE, E, and DA were measured radioenzymatically according to the principles of PEULER and JOHNSON [26] . We introduced several modifications to shorten the assay and to achieve higher reproducibility which were presented in detail previously [35] . The concentrations of sulfoconjugated NE, E, and DA were assayed by use of type VI arylsulfatase (Sigma, 64 mil/tube) coupled with the catechol-O-methyltransferase reaction according to the method of JOHNSON et al. [12] .
Statistical analysis: When appropriate, results are expressed as mean ± SEM, else median values and ranges are given. The U-test (Mann-Whitney) and Students t-test for paired data were used to test statistically significant differences. Assuming that the clearance obeys first order kinetics, the half life time of catecholamines after the end of asphyxia was calculated according to the following equation:
t l/2inin = In2 χ 10 C 0 -C baseline \ In C 10 -C baseline /
In this equation C baseline represents catecholamine concentrations during the control period, C 0 at the end of asphyxia and C 10 ten minutes after release of aortal occlusion.
Results
Due to total reduction of uterine blood flow asphyxia as well as metabolic acidosis developed. After the start of occlusion Ρθ2 and SOz declined rapidly and reached the zero line within 3 minutes (figure 1). Pco2 increased from 44 ± 1 mm Hg during the control period to 98 ± 8 mm Hg at the end of occlusion, pH decreased from 7.33 ± 0.02 to 6.94 ± 0.02, lactate rose from 2.3 ± 0.2 to 7.1 + 0.3 mmol/1, and hemoglobin concentrations increased from 8.3 ± 0.7 to 11.1 + 0.9 g% (figure 2). After release of the occlusion, blood gases returned to baseline values within 3 to 5 minutes.
The fetal cardiovascular response to asphyxia consisted of a deceleration of heart rate and an increase in systolic and diastolic blood pressure as well as pulse pressure ( figure 3 ). However, 3 minutes after starting the aortal occlusion, blood pressure declined but was still higher as compared to control values (p < 0.01). After cessation of total reduction of uterine blood flow fetal tachycardia prevailed and blood pressure showed an initial increase before returning to baseline values. At the end of the observation period arterial blood pressure had reached control values whereas fetal heart rate remained elevated (210 ± 8 versus 176 + 8 bpm; p < 0.05).
Concentrations of free catecholamines before, during, and after reduction of uterine blood flow are given in table I and figure 3. Peak concentrations were reached after 3 minutes of asphyxia. Median values of free NE were 60-fold higher as compared to the control period while the increase of free E was 370-fold and that of DA 13-fold. A wide range of concentrations for all amines could be observed. After release of aortal occlusion, free Baseline fetal heart rate, systolic as well as diastolic blood pressure, and concentrations of free NE, E, and DA before, during, and after a 5 minute period of complete reduction of uterine blood flow (n = 5). Fetal heart rate and blood pressure are given as mean + SEM, while concentrations of free catecholamines are depicted as median values.
catecholamines declined rapidly. Free NE and DA almost reached baseline values at the end of the observation period, while E was still 10-fold higher as compared to control values. As illustrated in table II, sulfoconjugated catecholamines showed a similar pattern to acute fetal asphyxia. Peak concentrations were reached within 3 minutes after starting the occlusion. Sulfoconjugated NE increased 40-fold, E 300-fold, and DA 10-fold as compared to baseline values. 30 minutes after the end of asphyxia, sulfoconjugated NE and DA were almost normalized, whereas sulfoconjugated E remained 5-fold increased. The half life time of free and sulfoconjugated catecholamines within the first 10 minutes after cessation of aortal occlu- (table III) . Half life times were not significantly different between free and conjugated amines.
The relationship between free NE and systolic blood pressure is illustrated in figure 4 for each experiment. Three minutes after complete reduction of uterine blood flow free NE as well as systolic blood pressure were markedly increased. In the following two minutes of asphyxia, both parameters declined concomitantly. Free NE rapidly decreased during the initial 5 minutes after release of occlusion, whereas blood pressure rose again. In the remainder of the postasphyxial period, both free NE and systolic blood pressure reached control values. 
Discussion
In the present study, reversible acute fetal asphyxia was induced by occlusion of the maternal aorta. Reversibility was documented by the rapid normalization of fetal blood gases in the postasphyxial period. Aortal occlusion was used instead of compression of the umbilical cord to leave the feto-placental unit intact, since it is known, that the placenta is a major site of degradation of catecholamines [14, 25] . As a result of total cessation of blood flow to the hindquarters for 5 minutes, metabolic effects on the mother have to be taken into account. However, it seems unlikely that these affects should influence the fetus, since the syndesmochorial placenta of the sheep has a 10 to 20-fold lower permeability for electrolytes, lactate, and bicarbonate as compared to the hemochorial type of placenta [6, 18] . Furthermore, there is no evidence for materno-fetal transfer of catecholamines across the placenta [13] . Thus, it seems reasonable to infer that the experimental model used represents fetal asphyxia as under the conditions of a prolonged uterine contraction.
The fetal sympathoadrenal system is capable to release large amounts of free catecholamines into the circulation during alphyxia. While free NE is the predominant circulating amine, it is of note that the relative increase is highest for E. In comparison, DA reveals the weakest response to asphyxial stress [25] . Despite continued presence of the asphyxial stimulus, concentrations of free catecholamines declined after 3 minutes of complete reduction of uterine blood flow, indicating that secretion of free catecholamines decreases after a short period of maximal stimulation. Alternatively, the fall in free amines may also reflect increased catabolism at the same, i. e. unchanged rate of production. Plasma catecholamines are inactivated by several mechanisms including enzymatic degradation, neuronal reuptake, accumulation in red blood cells, and conjugation [1, 7, 27, 29] . These mechanisms seem to be effective in the sheep fetus near term, since concentrations of free catecholamines rapidly decline after termination of asphyxia. The half life time of free catecholamines approximates 3 to 4 minutes within the first 10 minutes of the postasphyxial period. In comparison, the half life time of infused free E ranged from 0.23 to 0.27 minutes in sheep fetuses [13] . The observed difference may be explained by the persistent secretion of high amounts of catecholamines into the circulation after cessation of reduction of uterine blood flow, which results in a prolongation of the half life time measured in our experiments.
It has been shown that enzyme inactivation of free catecholamines to sulfoconjugates is governed by phenolsulfotransferase (E.G. 2.8.2.1.), an enzyme which has been found in various organs [2, 4, 7, 8, 16, 28, 31] . Several investigations suggested, that phenolsulfotransferase activity is unable to match high rates of NE and E secretion following sympathoadrenal stimulation in adult man and experimental animals [5, 15, 32] . Our data in chronically instrumented sheep fetuses indicate, that the tremendous increase in plasma free catecholamines is regularly associated with a simultaneous increase in sulfoconjugates. Apparently, free catecholamines are readily sulfoconjugated upon entering the fetal circulation. These data are in accord with previous results obtained in human fetuses [30] where a concomitant rise in the amounts of free and sulfoconjugated catecholamines was found during asphyxial stress. After the release of complete reduction of uterine blood flow sulfoconjugated catecholamines were rapidly removed from the fetal circulation with a half life tim of 2.5 to 2.8 minutes at least during the initial 10 minutes. It is obvious that in the sheep fetus sulfoconjugated amines do not persist much longer in the circulation than free catecholamines, which is at variance to adult healthy persons where sulfoconjugates have a half life time which is 3 to 7-fold longer as compared to free amines [19] . We suggest that these differences may be due mainly to species specific factors which include binding as well as metabolism of catecholamines [1, 3, 22, 33, 34] . Another explanation may result from the metabolic function of the placenta.
With regard to the functional significance of secretion of high amounts of free catecholamines during asphyxia, redistribution of fetal organ blood flow takes place with a marked increase in blood flow to the brain and adrenals, while blood flow to the spleen, kidneys, liver, and skin decreases significantly [10, 11] . The peripheral vascoconstriction may result in an extravasation of plasma fluid from the intravascular space, which is suggested by the significant increase in fetal hemoglobin concentrations [9] . Due to peripheral vasoconstriction and a positive inotropic effect of free catecholamines, which is documented by the rise in pulse pressure, systolic as well as diastolic blood pressure increased during the initial 3 minutes of asphyxia. Besides declining concentrations of free amines, the decrease of blood pressure during the following 2 minutes of asphyxia may be mainly due to asphyxial depression of the myocard [21] . After the end of occlusion, free catecholamines rapidly declined whereas blood pressure as well as pulse pressure rose again. It is obvious that this rise is caused by the effects of reoxygenation on myocardial performance. An improved myocardial contraction force along with tachycardia results in an increased ventricular output per minute while peripheral vasoconstriction remains effective during several minutes of the postasphyxial period [10, 11] . However, with declining catecholamine concentrations blood pressure returned to baseline values within 15 minutes after release of aortal occlusion. With regard to fetal heart rate, the deceleration observed after the onset of asphyxia is mainly due to vagal stimulation via chemoreceptors [24] . Following cessation of total reduction of uterine blood flow, the reoxygenation of fetal blood results in a decreasing activity of the parasympathetic system [24] . Consequently, the sympathetic system predominates, which is reflected by fetal tachycardia.
There is a close correlation between fetal heart rate and free catecholamines, especially E, during the postasphyxial activity of the central sympathetic system -fetal tachycardia may be caused by a peripheral beta-1-receptor stimulation due to circulating free catecholamines.
For the clinician, our results indicate, that in unstressed, normoxic fetuses the cardiovascular system is capable to maintain basel fetal heart rate and blood pressure during a severe, acute asphyxia of 5 minutes duration. However, alterations of organ blood flow, especially to the brain and adrenals, have not been assessed in this study. Furthermore, beat-to-beat variability of fetal heart rate was not investigated. For maintenance of the basic functions of fetal circulation, a maximal sympathoadrenal stimulation with secretion of free catecholamines and a profound redistribution of fetal organ blood flow seems to be essential [11] . Following cessation of total reduction of uterine blood flow, complete reoxygenation of fetal blood is accomplished within 5 minutes and fetal arterial blood pressure has reached control values within 15 minutes. In contrast, fetal heart rate remains elevated for at least 30 minutes after the end of asphyxia, thus being a long time indicator of increased sympathetic nervous activity following acute fetal stress.
Summary
Changes of free and sulfoconjugated catecholamines were measured radioenzymatically during a 5 minute period of acute asphyxia in chronically instrumented sheep fetuses (n = 5). Due to total reduction of uterine blood flow asphyxia as well as metabolic acidosis developed (pH = 6.94 ± 0.02; Pco 2 = 98 ± 8 mmHG; lactate = 7.1 ± 0.3 mmol/1). Peak concentrations of free catecholamines were reached after 3 minutes; free NE increased 60-fold, free E 370-fold and free DA 13-fold as compared to control values. Concomitantly, sulfoconjugated catecholamines rose markedly and were 40-fold (NE), 300-fold (E) and 10-fold (DA) higher when compared to the control period. Thus, the results reveal that the fetal sulfoconjugating system is very effective and able to match high concentrations of free catecholamines entering the circulation. After release of occlusion, free and sulfoconjugated catecholamines decreased with a half life time of 2.5 to 4.3 minutes during the initial 10 minutes. A close correlation could be demonstrated between free catecholamines and fetal arterial blood pressure, however, with interference of the effects of desoxygenation on the myocard. Moreover, fetal tachycardia is related to circulating catecholamines, especially E, during the postasphyxial period.
Our results suggest, that in unstressed, normoxic fetuses the cardiovascular system is able to maintain basic functions (heart rate and blood pressure) during asphyxia for 5 minutes. In this context, a maximal sympathoadrenal stimulation with secretion of free catecholamines seems to be essential.
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